The activity of seven Cry1, one Cry9 and one hybrid Cry1 protoxins against neonate larvae of summer fruit tortrix (Adoxophyes orana -Fischer von Rösslerstamm) has been investigated. Cry1Ia is identified as the most toxic protein, followed by Cry1Aa and Cry1Ac. Cry1Ca, Cry1Cb, Cry1Da and Cry1Fa were less active, while SN19 (Cry1 hybrid protein with domain composition 1Ba/1Ia/1Ba) and Cry9Aa exhibited negligible toxicity against A. orana. In vitro trypsin-activated Cry1Ac is still less active than Cry1Ia
Introduction
The summer fruit tortrix moth, Adoxophyes orana (Fischer von Rösslerstamm) is the most important leafrolling pest in Europe (Kocourek and Stará, 2005) . Since it is a polyphagous species, it damages all types of pome and stone fuits and many ornamental trees. This species is recognized as a key pest in apple orchards in many countries (EPPO, 2015) .
Depending on climate conditions, summer fruit tortrix has two to three generations per year. It overwinters at second or third instar larvae and emerges in spring, feeding on leaves, shoots and later on fruits. In early summer first-generation females fly and usually lay eggs on leaves. Upon hatching, secondgeneration larvae migrate to shoots or fruits. The major economic loss is produced by summer larvae since they are making large feeding patches on the fruits. By the end of summer second-generation moths are flying and frequently lay eggs directly on the fruit (Cross, 1997; Stamenković and Stamenković, 1985) . Since decrease of photoperiod to less than 12 h induces diapause in A. orana larvae, the autumn fruit damage is minor. (EPPO, 2015) Bacillus thuringiensis is a Gram-positive bacterium widely used as a biocontrol agent active against different Lepidopteran, Coleopteran and Dipteran pest insects. Its toxicity mainly associates with deltaendotoxins accumulated as crystalline inclusions during sporulation.
Field studies investigating efficacy of sprayable preparations of Bt spores/crystals against Adoxophyes orana showed variable results (Cross et al., 1999) . To the best of our knowledge the toxicity of different Cry proteins towards summer fruit tortrix moth in laboratory conditions has not been reported so far.
Hence, we have tested the activity against summer fruit tortrix moth (Adoxophyes orana (Fischer von Rösslerstamm)) larvae of eight different lepidopteran-active Cry proteins (Cry1Aa, Cry1Ac, Cry1Ca, Cry1Cb, Cry1Da, Cry1Fa, Cry1Ia and Cry9Aa) and the hybrid protein SN19 (active against coleopteran and lepidopteran larvae (Naimov et al., 2001 ).
Material and methods

Preparation of Bt Cry protein variants
Seven different Cry1 delta-endotoxins (Cry1Aa, Cry1Ac, Cry1Ca, Cry1Cb, Cry1Da, Cry1Fa and Cry1Ia), Cry9Aa and SN19 hybrid protein have been produced in E. coli XL-1 Blue. Expression vector for the Cry1Cb was designated as pSB204 and obtained by cloning cry1Cb gene from B. thuringiensis subsp.
galleriae HD29 in pUC19 as described earlier (Kalman et al., 1993) . All other expression vectors are based on pBD10, a derivative of pKKK233-2 (Bosch et al., 1994) . Vectors pPB08 (cry1Aa), pB03 (cry1Ac), pBD150 (cry1Ca), pMH15 (cry1Da), pMH21 (cry1Fa), pBD172 (cry1Ia), pCIz1 (cry9Aa5) and pSN19 (hybrid protein SN19 with domain composition 1Ba/1Ia/1Ba) were used in this study. All vectors are thoroughly described elsewhere (Bosch et al., 1994; de Maagd et al., 1999; de Maagd et al., 1996; de Maagd et al., 2000; Naimov et al., 2014; Naimov et al., 2001) .
E. coli XL1-Blue cells were transformed by Mix & Go! E.coli Transformation Buffer Set (Zymo Research
Corporation, Irvine, CA, USA) according to the manufacturer's instructions. Transformants carrying desired expression vector were grown on terrific broth for 48 h at 28 ˚C for large-scale production.
Protein was partially purified from inclusion bodies according to (Herrero et al., 2004) . Briefly, 1 g of bacterial pellet was frozen and resuspended in 3 mL of lysis buffer (50 mM Tris pH=8.00, 5 mM EDTA, 100 mM NaCl, 0.13 mM PMSF, 0.25 mg/mL lysozyme, 3.3 mM sodium deoxycholate). Inclusion bodies' pellets obtained upon centrifugation were washed initially three times with washing buffer (20 mM Tris pH = 7.50, 1 M NaCl, 1% Triton X-100) and subsequently three times with PBS. Bt delta-endotoxins were solubilized in buffer containing 50 mM sodium-bicarbonate pH=10.50, 100 mM NaCl and 10 mM DTT for two hours at 37 ˚C. Solubilized proteins were analyzed on 7.5% SDS-PAGE gel (Laemmli, 1970) . Cry1Ac has been activated by trypsin as previously described (Herrero et al., 2004) .
Protein concentration was assessed by densitometry using different concentrations of bovine serum albumin as a standard with Gel-Pro Analyzer (Media Cybernetics, Inc., Rockville, USA).
Insect bioassay
For insect bioassay modified artificial diet from (Damos et al., 2009 ) was used. Briefly, 100 g of alfa-alfa meal, 100 g of yeast extract, 1.7 g of potassium sorbate, 1.7 g of methyl-p-hydroxybenzoate, 300 mL of tomato juice, 5 g of Wesson's salt mixture, 20 g of Vanderzant vitamin mixture were suspended in 300 mL of distilled water and mixed with 200 mL of 10%(w/v) agar solution in distilled water. Toxin solutions were incorporated in fresh diet before solidification to obtain desired concentrations.
Adoxophyes orana eggs were purchased from Andermatt Biocontrol AG (Grossdietwil, Switzerland).
Neonate larvae were transferred to 24-well plates containing 1 g of artificial diet per well (one larva per each well) and mortality was scored after 4 days at 25 °C.
Data analysis
All data were analyzed using PoloPC program (Russel et al., 1977) . Probit analysis was performed for determination of LC 50 and LC 90 and their respective 95% fiducial limits. Relative toxicity was calculated as LC 90 ratio (Lethal Dose Ratio in PoloPC) against value obtained for Cry9Aa. Also, pairwise calculation of LC 90 ratio (Table 1) or LC 50 ratio (Table 2) and their 95% fiducity limit ranges was done for all proteins.
Protein pairs with fiducity limit ranges including the ratio 1 are not considered to have significantly different toxicities (P<0.05) and are assigned to the same toxicity class.
Results and discussion
Nine Cry protoxins were produced in E. coli and partially purified from inclusion bodies. Electrophoretic profiles of Cry protoxins used in this study are shown in Fig. 1 . All proteins, except the C-terminally truncated Cry1Ia are present as major bands of approximately 135 kDa. Cry1Ia is present as a protein of 81 kDa. Trypsin-activated Cry1Ac was detected as single band of approximate weight of 60 kDa with no obvious signs of further degradation (data not shown).
We used diet incorporation bioassays to test the toxicity of Cry protoxins against A. orana larvae. Data obtained by Probit analysis of bioassay results are shown in Table 1 as LC 50 and LC 90 . Among tested proteins, Cry1Ia showed significant toxicity for A. orana larvae. All tested Cry1 toxins, except hybrid SN19 protein, had lower LC 50 and LC 90 in comparison to Cry9Aa. Toxicity ranking of proteins was based on the ratio of the LC 90 of the Cry1 protoxins with LC 90 of Cry9Aa proteins. Cry1Ia is significantly more toxic than all other tested proteins. Toxicity of Cry1Ia is followed by toxicity of Cry1Aa, Cry1Ac and Cry1Ca, which are more toxic than Cry1Cb, Cry1Fa and Cry1Da, respectively. Toxicity of hybrid SN19 is comparable to the toxicity of Cry9Aa.
Cry proteins exhibit their toxic effects upon proteolytic activation in insects' midgut. Sometimes, toxic activity of Cry proteins towards insects is hidden until proteins have been activated in vitro by trypsin (Lambert et al., 1992) . In order to investigate the effect of trypsin activation on toxicity towards A. orana , we used protein with the lowest LC 50 after Cry1Ia, ie. Cry1Ac. Upon activation, Cry1Ac toxicity has not been significantly improved (LC 50 Cry1Ac/LC 50 activated Cry1Ac=1.85, 95% fiducity limits: 0.73 -4.68 at P<0.05) (Boncheva et al., 2006) . Moreover, LC 50 calculated for Cry1Ia is significantly lower than LC 50 of both Cry1Ac protoxin and toxin (Table 2 ). These findings suggest that Cry proteins are activated by proteases in A. orana larvae midgut.
Being a widely distributed pest in Europe and Asia, A. orana represents a serious economical threat to agriculture. Its hosts include species from different plant families, with major hosts belonging to the families Grossulariaceae (Ribes sp.) and Rosaceae (Malus sp., Prunus sp., Pyrus sp., Rubus sp., Cydonia oblonga Mill.). Previous reports on exploitation of B. thuringiensins for controlling A. orana in fruit orchards have been reviewed by (Cross et al., 1999) . Unfortunately, the use of various, at that time available, preparations containing Bt spores showed variable efficacy against A. orana. The only report of purified Bt crystal inclusions against A. orana revealed significant toxicity (van der Geest, 1981) . Probably those inconsistent results neglected further investigation of Cry proteins for control of summer fruit tortrix.
Here we showed that Cry1Ia protein is a promissing candidate for controlling A. orana. Since this toxin is produced by B. thuringiensis early during sporulation (Kostichka et al., 1996) , our finding could explain variable results obtained by field studies (Cross, 1997) using different preparations containing Bt spores.
Probably, different amounts of Cry1Ia were present in media, hence affecting controlling efficacy toward A. orana. Also, in some Bt strains cryI gene is silenced since it is located downstream of strong transcriptional terminator of cry1 genes (Gleave et al., 1993; Shin et al., 1995; Song et al., 2003; Tailor et al., 1992; Tounsi et al., 2003) , that probably produced discrepancy among field studies using Bt formulations containing different strains. We showed that toxicity of Cry1Aa and Cry1Ac against summer fruit tortrix should not be neglected, and it is possible that previously reported toxicity of purified Bt crystal inclusions (van der Geest, 1981) is caused by the presence of proteins with similar toxicity in the purified crystals.
In conclusion, A. orana larvae are susceptible to action of Cry1Aa, Cry1Ac and, in the highest extent, to Tailor, R., Tippett, J., Gibb, G., Pells, S., Pike, D., Jordan, L., Ely, S., 1992 
